1. Introduction {#sec1}
===============

Erosion wear is a prominent issue for pipelines conveying fluid, which usually cause significant operation and reliability problems in oil and gas, coal, slurry, aerospace, pneumatic conveying, and other industries \[[@B1], [@B2]\]. As an integral part of piping systems, elbows are known to be responsible for dramatic change in flow field, high pressure loss, and secondary flow, which are vulnerable in erosive environments. Therefore, erosion in elbows has been experimentally or numerically analyzed by many investigators \[[@B3]--[@B6]\]. And several empirical or semiempirical correlations have been developed to predict erosion in elbows. However, the erosion phenomenon is highly complicated due to plenty of parameters affecting the erosion severity, such as flow rate, fluid properties, pipe material, and pipe geometry. These correlations, thus, are limited to special working conditions as stated in the studies, which cannot be used for all erosion predictions.

After pipe is put into use, erosion in elbow has been happening all the time, resulting in mass loss from the inner wall of pipe, wall thinning, and even break. The timely replacement of elbow before its failure is very important. However, we do not know the erosion reduced thickness of pipe and when the pipe would damage. Thus, a quick and easy method is urgently needed to predict the erosion reduced thickness.

A number of fluids are heated before conveying, such as hot oil, hot water, and some chemical fluids. There is a temperature difference between inside and outside of the pipe, and heat transfer inevitably occurs. Due to wall thinning, the heat flux in the eroded site is different from the rest of the pipe. Therefore, the temperature distribution in an eroded bent pipe may provide some useful information for us to calculate the erosion. Unfortunately, few works of literature have studied erosion from the perspective of temperature distribution.

In order to find a new method to predict the erosion reduced thickness, the temperature distribution in an eroded bend pipe for conveying hot oil flow has been investigated. Since numerical simulation can provide detailed information on temperature field and has advantages of low cost and short research time, in present work, computational fluid dynamics (CFD) model has been employed to explore the temperature distribution in an eroded pipe. By conducting a series of numerical simulations, effects of inlet temperature of oil flow, inlet flow rate, and erosion reduced thickness are examined. Then, the dimensionless minimum temperature drop is analyzed and the fitting formula is obtained. Using the formula we can calculate the erosion reduced thickness, which is only needed to monitor the outer surface temperature of bend pipe. Using the method of fitting formula is shown in this paper by examples.

The remaining part of this paper is organized as follows. In [Section 2](#sec2){ref-type="sec"}, the description of simulation method is provided; [Section 3](#sec3){ref-type="sec"} presents the numerical results and discussion; [Section 4](#sec4){ref-type="sec"} presents the concluding remarks.

2. Simulation Method {#sec2}
====================

2.1. Governing Equations {#sec2.1}
------------------------

As incompressible fluid, the oil flow is governed by the universal averaged Navier-Stokes equations, including the conservation of mass, momentum, and energy, taking the following form \[[@B7], [@B8]\]: $$\begin{matrix}
{\nabla \cdot \overset{\rightarrow}{v} = 0,} \\
{\frac{\partial\overset{\rightarrow}{v}}{\partial t} + \nabla \cdot \left( {\overset{\rightarrow}{v}\overset{\rightarrow}{v}} \right) = - \frac{1}{\rho}\nabla p + \overset{\rightarrow}{g} + \frac{1}{\rho}\nabla \cdot \overset{\rightarrow}{\tau},} \\
{\frac{\partial e}{\partial t} + \nabla \cdot \left( {\overset{\rightarrow}{v}e} \right) = - \frac{p}{\rho}\nabla \cdot \overset{\rightarrow}{v} + \Phi + \frac{1}{\rho}\frac{\partial}{\partial x_{i}}\left( {\lambda\frac{\partial T}{\partial x_{i}}} \right) + q_{R},} \\
\end{matrix}$$ where *v* represents flow rate, *t* is time, *ρ* is oil density, *g* is gravitational acceleration, *p* is pressure, *τ* is viscous stress, *e* is per unit mass of internal energy, Φ is per unit mass of energy dissipation by viscous friction, *x* ~*i*~ is space coordinate in *i* direction, *T* is temperature, and *λ* and *q* ~*R*~ are coefficient of heat conductivity and per unit mass of radiant heat transfer rate, respectively.

The heat transfer is composed of three components, namely, the convective heat transfer between the flowing oil and the inner wall of the pipe, the heat conduction in steel pipe, and the convective heat transfer between the outer wall of the pipe and air. The radial heat flux per unit length is the same in the heat transfer process, written as $$\begin{matrix}
{q = h_{\text{i}}\pi d_{\text{i}}\left( {T - T_{\text{i}}} \right) = \frac{2\pi\lambda_{\text{p}}\left( {T_{\text{i}} - T_{\text{o}}} \right)}{\ln\left( {d_{\text{o}}/d_{\text{i}}} \right)} = h_{\text{o}}\pi d_{\text{o}}\left( {T_{\text{o}} - T_{\text{a}}} \right),} \\
\end{matrix}$$ where subscripts i and o represent "inner" and "outer," respectively, *h* is convection heat transfer coefficient, *d* is diameter, *λ* ~p~ is heat conductivity coefficient of pipe, and *T* ~a~ is the air temperature outside the pipe.

In this study, Reynolds number ranges from 746.05 to 1492.1. So laminar flow model is employed.

2.2. Numerical Method {#sec2.2}
---------------------

Finite volume method is employed to discretize the above equations. All the calculations are conducted using a commercial software package FLUENT 14.5. Patankar\'s well-known SIMPLE algorithm \[[@B9]\] is employed to solve the pressure-velocity coupling. And second-order upwind scheme and second-order central-differencing scheme are applied for convective terms and diffusion terms, respectively, in order to ensure the accuracy of calculation. The convergent criteria for all calculations are set such that the residual in the control volume for each equation is smaller than 10^−6^.

2.3. Computational Domain and Mesh {#sec2.3}
----------------------------------

[Figure 1](#fig1){ref-type="fig"} shows a sketch of the geometry and numerical grid for computational domain investigated in this study. The eroded bend pipe is placed horizontally, consisting of three parts: front straight pipe section, bend section, and rear straight pipe section. The lengths of front straight pipe and rear straight pipe are both 0.2 m. The inner and outer diameters of bend pipe are 0.043 m and 0.05 m, respectively. The curvature and diameter ratio of the elbow (*R*/*d* ~o~) is set to 3; namely, the curvature radius is 0.15 m. Since 20--35° along the extrados of bend is the most severe erosion area \[[@B10], [@B11]\], the eroded pit in this study is located 22° downstream the inlet of bend. And the pit is semiellipsoidal with the maximum depth ranging from 0.5 mm to 2.5 mm, in order to compare the difference of temperature distribution at different erosion reduced thicknesses.

ICEM CFD mesh generator is employed to perform the geometry generation and meshing. As shown in [Figure 1](#fig1){ref-type="fig"}, the computational domain along the pipe axial direction is divided into five blocks and progressive mesh is used. The densest grids present in the vicinity of erosion pit. In the cross section, the fluid computational domain is also divided into five blocks, and a boundary layer is set near the pipe wall with four-layer grids (the cell height of the first layer is 0.05 mm and the growth factor is 1.2) to capture the near-wall flow properties, while the grids in pipe (solid computational domain) show uniform distribution. The pipe is divided into five grids along the radial direction, and the number is unchanged even in the thinnest wall. In order to control the grid distribution and computational stability, the whole domain is discretized with hexahedral cells. A suitable grid density is reached by repeating computations until a satisfactory independent grid is found. At last, the number of grid cells used in calculation is 2.7 × 10^5^.

2.4. Boundary Conditions {#sec2.4}
------------------------

Uniform velocity is taken as the inlet condition in this work. After passing through the front straight pipe (*L* = 4*d* ~o~), it will form a fully developed flow. In order to examine the effect of inlet rate, the oil velocity is taken as 1 m/s, 1.5 m/s, or 2 m/s in comparing the cases. The inlet temperature of oil flow is also defined in the entrance, which is set to 303.15 K, 313.15 K, and 323.15 K to observe the effect of oil flow temperature.

A free outflow boundary condition is used in the outlet, which means that the value in outlet is obtained by calculating the flow field from the upstream. No slip boundary condition is imposed on the pipe wall. At the inner wall of bend pipe, convective heat transfer between oil and pipe wall and heat conduction in steel pipe are coupled. And at the outer wall of bend pipe, heat conduction in steel pipe and convective heat transfer between air and pipe wall are coupled. The air temperature outside the pipe is fixed at 278.15 K in all cases. And the convection heat transfer coefficient outside the pipe is defined as 5 W/(m·K).

The physical characteristics of materials used in simulation are listed in [Table 1](#tab1){ref-type="table"}. Nine cases are simulated to compare the different influences among different inlet rates, inlet temperatures, and erosion reduced thicknesses, as listed in [Table 2](#tab2){ref-type="table"}.

3. Numerical Results and Discussion {#sec3}
===================================

3.1. Effect of Inlet Temperature {#sec3.1}
--------------------------------

Oil is usually heated to different temperatures according to the actual working condition before it enters the pipeline. We adopt case 1 (as shown in [Table 2](#tab2){ref-type="table"}) as the standard case. In this section, to study the effect of oil inlet temperature (*T* ~in~), simulations are conducted by changing the inlet temperature while leaving other parameters the same as those in the standard case.

[Figure 2](#fig2){ref-type="fig"} shows the temperature distribution at the longitudinal cross section of bend pipe at different inlet temperatures. To have a better understanding of temperature field in the bend, the contours and values are marked in the partial enlarged view. It is observed that the temperature in the eroded site is higher than that in the surrounding areas. It can be explained that thermal resistance of thin wall is smaller than that of thick wall, leading to more heat transfer through the thin wall. There is also a high temperature zone in the intrados of elbow facing the erosion pit. This is mainly caused by circumferential heat transfer in pipe wall. Another reason for it can be attributed to the secondary flow in cross section. However, the area of high temperature zone in the intrados is smaller than that in the extrados. The higher the inlet temperature, the larger the high temperature zone. And the temperature gradient in pipe wall for high temperature oil flow shows a large value. From the inlet to the outlet of bend section, the temperature in the extrados of bend wall firstly increases and then decreases. But the temperature in the outlet is still smaller than that in the inlet. The temperature drop is 0.178 K for *T* ~in~ of 303.15 K, 0.089 K smaller than that for *T* ~in~ of 313.15 K, and 0.177 K smaller than that for *T* ~in~ of 323.15 K.

[Figure 3](#fig3){ref-type="fig"} shows the temperature drop (Δ*T*) along the extrados of pipe wall at different inlet temperatures. We can clearly see the temperature affected zone of erosion pit, about 0.52 m long, which is the same for the three cases. However, the upstream influence distance is not the same as the downstream influence distance. The downstream influence distance is about 2.5 times longer than the upstream influence distance. This is mainly caused by the flowing fluid which is acting as heat carrier. Heat transfer from erosion pit to the upstream is against the flow, making itself more difficult.

The temperature drop curve can be divided into four parts. Temperature drop increases upstream the affected zone, constituting the first part. Temperature drop firstly decreases and then increases in the affected zone, which can be divided into two phases. The obvious reduction in temperature drop upstream the erosion pit describes the second part, while the gradual increase downstream the erosion pit means the third part. The fourth part is the rest one. In the affected zone, temperature drop gradient is large. And the higher the inlet temperature, the larger the temperature drop gradient. The minimum temperature drop presents at the erosion pit. With the decrease in inlet temperature, the minimum temperature drop decreases from 0.998 K when *T* ~in~ = 323.15 K to 0.549 K when *T* ~in~ = 303.15 K.

3.2. Effect of Inlet Rate {#sec3.2}
-------------------------

Economic velocity of oil flow in pipe is 1-2 m/s. So we selected three common rates (*v* ~in~ = 1 m/s, 1.5 m/s, or 2 m/s) to compare the influences on temperature field. The temperature distribution at the longitudinal cross section of bend pipe at different inlet velocities is shown in [Figure 4](#fig4){ref-type="fig"}. It can be observed that the faster the oil flow, the smaller the temperature gradient. Comparing the three cases, temperature in the same location either in upstream or downstream the erosion pit is relatively high when *v* ~in~ = 2 m/s. It can be explained that a greater amount of fluid is passing through the pipe for fast flow in the same time, providing more heat to exchange with pipe wall.

[Figure 5](#fig5){ref-type="fig"} presents the temperature drop along the extrados of pipe wall at different inlet rates. It is worth noting that the upstream influence distances of affected zone are different in three cases. This distance is 0.138 m for *v* ~in~ = 1 m/s, while it reduces to 0.088 m for *v* ~in~ = 2 m/s. The temperature drop gradient is large in affected zone for slow flow. Relative less heat transfer for slow flow passing through the pipeline could be a major cause for this phenomenon. The minimum temperature drop for *v* ~in~ = 1 m/s is 0.549 K, just 0.003 K higher than that for *v* ~in~ = 1.5 m/s and 0.01 K higher than that for *v* ~in~ = 2 m/s. In practice, thus, accuracy of the instrument must meet the thousandth if we want to find the difference in temperature.

3.3. Effect of Erosion Reduced Thickness {#sec3.3}
----------------------------------------

Effect of erosion reduced thickness (Δ*r*) on temperature field is the uppermost concern. As shown in [Figure 6](#fig6){ref-type="fig"}, the area of high temperature zone in the vicinity of erosion pit is large for big erosion reduced thickness. As for the small thermal resistance, heat transferring easier in the thin wall is the main reason. In addition, vortex can be formed in large pit. And once vortex happens, fluid would be stagnation and supply heat constantly. Therefore, thin wall in erosion site gets more heat from flowing fluid, and it simultaneously transfers heat in the axial direction and the circumferential direction. That is why the area of high temperature zone is large for deep erosion pit. However, the affected zone of erosion pit is limited. Temperature in the same location a certain distance upstream or downstream the erosion pit for the three cases shows the same distribution. It can be also observed from [Figure 7](#fig7){ref-type="fig"}.

As shown in [Figure 7](#fig7){ref-type="fig"}, the temperature drop curves present the same change trends. The main difference is the minimum temperature drop although the value gap is not great. The minimum temperature drop decreases with the increase of erosion reduced thickness. For Δ*r* = 0.5 mm, the minimum temperature drop is 0.593 K, which reduces to 0.46 K for Δ*r* = 2.5 mm.

3.4. Prediction of Erosion Reduced Thickness {#sec3.4}
--------------------------------------------

Since the minimum temperature drop is closely related to the thickness of pipe wall, the dimensionless minimum temperature drop (Δ*T*/*T* ~in~) versus dimensionless erosion reduced thickness (Δ*r*/*R* ~in~) is analyzed, and we have obtained the fitting formula, as shown in [Figure 8](#fig8){ref-type="fig"}. The fitting line meets the linear distribution well, and the adjust *R* ^2^ is 0.99. And the fitting formula is written as $$\begin{matrix}
{1000\frac{\Delta T}{T_{\text{in}}} = 2.04618 - 0.04553\frac{100\Delta r}{R_{\text{in}}},} \\
\end{matrix}$$ where *R* ~in~ is inner radius of pipe.

Using this formula, we can calculate the erosion reduced thickness, if the temperature drop is known in advance. For example, if the actual parameters are the same as those used in this paper such as *T* ~in~ = 303.15 K and *R* ~in~ = 0.0215 mm, this equation can be simplified as $$\begin{matrix}
{\Delta r = 0.00966 - 0.015577\Delta T.} \\
\end{matrix}$$

In practice, the outer surface temperature of pipe should be monitored by temperature sensors in order to get the minimum temperature drop. As shown in [Figure 9](#fig9){ref-type="fig"}, we can set the temperature sensors around the bend outer wall where presents the high incidence of erosion such as 20--50° along the extrados of bend. And enough temperature sensors should be arranged, such as five circles and eight sensors per circle as shown in [Figure 9](#fig9){ref-type="fig"}.

Using the temperature sensors, we can get the maximum temperature at the outer wall of bend pipe. Simultaneously, the inlet temperature of flow is usually known. So the minimum temperature drop can be obtained. If the minimum temperature drop is 0.6 K, the erosion reduced thickness would be calculated as 0.3138 mm by substituting Δ*T* into the above formula.

Therefore, it may be an easy and fast method to predict erosion reduced thickness, which is only needed to monitor the outer surface temperature of pipe. In order to verify the accuracy of this method, we have conducted the experimental tests under the same conditions with simulations. In the tests, temperature sensors are arranged as shown in [Figure 9](#fig9){ref-type="fig"}. [Figure 10](#fig10){ref-type="fig"} depicts the comparison between the experimental results and the calculated value with the formula, which shows a good agreement. Thus, using this way, timely replacement of eroded pipe can be conducted.

4. Conclusions {#sec4}
==============

A numerical simulation of temperature distribution in an eroded bend pipe was carried out focusing on the investigation into predicting the erosion reduced thickness in elbow. By conducting a series of simulations, effects of oil inlet rate, oil inlet temperature, and erosion reduced thickness on temperature distribution in elbow are examined. Then the dimensionless minimum temperature drop is analyzed and the fitting formula is obtained. Finally, a new method for predicting erosion reduced thickness in bend pipe is proposed, which can provide useful guidance for pipeline monitoring and replacement. According to the results of the analysis, the following conclusions can be drawn.Temperature in the eroded site is high due to the small thermal resistance. And the presence of erosion pit affects the temperature distribution in pipe wall significantly. Temperature drop curve along the extrados of pipe can be divided into four parts. In the affected zone, temperature drop firstly decreases and then increases.Small inlet temperature or large inlet velocity can lead to small temperature drop, while shallow erosion pit causes great temperature drop.The fitting formula of the dimensionless minimum temperature drop versus dimensionless erosion reduced thickness is obtained. After the outer surface temperature of bend pipe is obtained by monitors, we can calculate the erosion reduced thickness by using the formula. And the accuracy has been verified by experimental tests. It provides a new method for pipe engineers to predict the service life of pipe and conduct replacement process.
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###### 

Physical characteristics of materials used in simulation.

  Item         Density (kg·m^−3^)   Specific heat capacity (KJ·kg^−1^·K^−1^)   Coefficient of heat conductivity (W·m^−1^·K^−1^)   Kinetic viscosity (Pa·s)
  ------------ -------------------- ------------------------------------------ -------------------------------------------------- --------------------------
  Crude oil    867.5                1.8                                        0.61 − 0.01187*T*                                  0.05
  Steel pipe   8030                 0.502                                      16.27                                               

###### 

Simulation cases.

  Case   Inlet temperature (K)   Inlet rate (m/s)   Erosion reduced thickness (mm)
  ------ ----------------------- ------------------ --------------------------------
  1      303.15                  1                  1
  2      313.15                  1                  1
  3      323.15                  1                  1
  4      303.15                  1.5                1
  5      303.15                  2                  1
  6      303.15                  1                  0.5
  7      303.15                  1                  1.5
  8      303.15                  1                  2
  9      303.15                  1                  2.5
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